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HIGHLIGHTS 


•  Soft  X-ray  radiography  was  performed  for  in-situ  visualization  of  DHFC. 

•  The  current  distribution  was  confirmed  in  the  anode  electrode  of  4  cm2. 

•  The  nitrogen  evolution  was  observed  under  the  rib. 
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Soft  X-ray  radiography  technique  was  firstly  applied  to  operating  direct  hydrazine  hydrate  fuel  cell 
(DHFCs)  in  order  to  visualize  N2  gas  behaviors  with  high  spatial  and  temporal  resolution.  Two  different 
cells  for  in-situ  visualization  of  N2  gas  in  the  DHFCs  in  in-plane  and  through-plane  direction  were 
designed  and  fabricated.  The  utilization  of  soft  X-ray  made  the  visualization  of  generated  N2  behavior  in 
the  DHFC  possible  with  the  spatial  resolution  of  1.5  pm  and  the  temporal  resolution  of  2.0  s  frame-1.  In 
the  in-plane  visualization,  the  inhomogeneous  N2  gas  distribution,  suggesting  non-uniform  reaction 
distribution  in  the  anode  of  DHFC,  was  observed.  In  the  through-plane  visualization,  N2  gas  accumulation 
under  the  rib  of  anode  and  discharge  to  the  channel  was  clearly  observed,  which  are  related  with  cell 
performance  instability. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  liquid  fuel  cells,  such  as  the  methanol  (DMFC),  ethanol 
(DEFC),  borohydride  (DBFC),  formic  acid  (DFAFC),  and  hydrazine 
hydrate  (DHFC)  systems  are  attractive  candidates  for  electronics 
applications,  because  of  their  high  energy  density.  Recent  de¬ 
velopments  in  DHFC  technology  have  led  to  full-sized  demonstra¬ 
tion  DHFC  indicating  their  feasibility  and  promise  in  future  fuel  cell 
vehicles  [1-5].  Additionally,  DHFC  can  be  operated  without  any 
previous  metal  catalyst,  which  potentially  contributes  to  cost 
reduction  of  the  system  and  compact  system.  In  DHFC,  the 
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following  electrochemical  reactions  take  place  in  the  anode  and  the 
cathode,  respectively. 

Anode  :  N2H4(liquid)  +  40H“  ^N2(gas)  +  4H20  +  4e"  (1) 

Cathode:  02  +  2H20  +  4e“ ^40H"  (2) 

Overall:  N2H4  +  02  +  2H2O^N2  +  4H20  (3) 

Thus,  hydrazine  electrooxidation  leads  to  harmless  N2  and 
H20  products,  and  the  theoretical  efficiency  and  theoretical  po¬ 
tential  (1.62  V)  of  DHFCs  are  higher  than  those  of  H2/02  PEFCs. 
Liquid  hydrazine  evolves  N2  gas  bubbles  by  hydrazine  electro¬ 
chemical  oxidation.  The  generated  gases  might  lead  to  block  the 
channels  and  further  fuel  supply  to  the  catalyst  layer  is  inhibited. 
Moreover,  inhomogeneous  current  distribution  in  the  anode 
electrode  could  have  happen  due  to  concentration  distribution  of 
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hydrazine  hydrate  flowing  through  the  channel  between  anode 
inlet  and  outlet.  Therefore,  a  fundamental  understanding  of 
anode  N2  evolution  and  their  effects  on  the  fuel  cell  performance 
is  essential  to  improve  the  DHFCs  performance.  In  previous 
studies,  in-situ  visualization  of  water  behavior  in  proton  ex¬ 
change  membrane  fuel  cell  (PEFC)  and  CO2  evolution  in  DMFC 
using  synchrotron  X-ray  radiography  [6-11],  neutron  radiog¬ 
raphy  [12-19],  and  soft  X-ray  radiography  [20-26]  have  been 
reported.  In-situ  visualization  techniques  have  been  contributed 
to  understand  the  phenomenon  of  gas  and  liquid  transport  in 
operating  fuel  cells.  In  particular,  soft  X-ray  radiography  has 
been  known  as  a  unique  laboratory-based  method  for  in-situ 
diagnostics  of  liquid  water  behaviors  in  operating  PEFCs  with 
high  spatial  resolution  of  approximately  1  pm. 

In  this  study,  we  first  report  in-situ  visualization  of  N2  evolution 
and  distribution  in  operating  DHFCs  by  using  high  resolution  soft  X- 
ray  radiography  and  investigate  the  generated  N2  behaviors  with 
current  density  variation. 

2.  Experimental 

2.1.  Visualization  cells  for  in-situ  radiography 

In  order  to  observe  a  wide  area  of  DHFC  and  prevent  the 
liquid  fuel  leakage  during  observation,  the  cells  both  in-plane 
direction  and  through-plane  direction  were  designed  and  fabri¬ 
cated  by  modifying  the  design  of  previous  visualization  cells, 
which  were  used  for  in-situ  diagnostic  of  liquid  water  by  using 
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soft  X-ray  radiography  [20-26].  Fig.  1  shows  the  cell  structure 
used  in  this  study.  To  permit  the  penetration  of  the  soft  X-ray 
through  the  cells,  the  carbon  current  collector  was  used  and  the 
active  areas  of  the  in-plane  and  through-plane  cells  were  4  cm2 
(2x2  cm2)  and  0.1  cm2  (0.2  x  0.5  cm2),  respectively.  The  carbon 
current  collector  and  metal  current  collector  were  connected  by 
electrically-conductive  adhesive  polymer.  The  serpentine  flow- 
filed  separators  were  used  for  both  anode  and  cathode  in  the 
in-plane  cell. 

2.2.  MEA  and  operating  condition  for  DHFC 

A  100  mg  of  the  catalyst  was  combined  with  0.96  ml  of  iso¬ 
propanol,  0.24  ml  of  THF  and  0.2  ml  of  a  5  wt%  anionic  ionomer 
solution  (A3,  Tokuyama).  The  ink  was  then  sonicated  for  5  min. 
After  sonication,  Zr02  beads  (Diameter  =  2.0  mm,  Nikkato)  were 
added  and  the  mixture  was  agitated  for  15  min.  The  prepared  ink 
was  directly  sprayed  onto  an  anionic  electrolyte  membrane 
(A201,  Tokuyama)  to  form  the  anode  electrode  on  the  mem¬ 
brane.  Fe-Phen  (Phen:  phenanthroline)  cathode  catalyst  was 
formed  into  an  electrode  using  a  similar  method  to  that  of  the 
anode.  The  membrane  was  then  pressed  for  5  min  at  room 
temperature  to  bind  the  catalyst  layers  to  the  membrane. 

The  prepared  MEAs,  with  a  square  shaped  working  electrode 
area  of  2  x  2  cm2  and  0.2  x  0.5  cm2  for  in-plane  and  through- 
plane  cell,  were  inserted  in  each  visualization  test  cell  for  in- 
situ  radiography.  The  fuel  of  1.0  M  KOH  +  1.0  M  N2H4  H2O  was 
supplied  to  the  anode  at  flow  rate  of  2  ml  min-1  and  6  ml  h-1  for 
in-plane  and  through-plane  cell,  respectively.  The  oxygen  was 
supplied  to  the  cathode  at  the  flow  rate  of  100  ml  min-1  and 
20  ml  min-1  for  in-plane  and  through-plane  cell,  respectively. 

2.3.  Soft  X-ray  radiography 

The  visualization  was  performed  by  using  a  laboratory-base 
soft  X-ray  microscope  system  (Mars  Tohken  X-ray  Inspection 
Co.,  Ltd.,  TUX3110-FC).  A  tungsten  thin-film  was  used  as  the 
target  material  for  generating  soft  X-rays  (W  La;  8.40  keV,  W  L(3; 
9.67  keV),  and  the  X-ray  tube  voltage  was  set  at  17.8  kV.  Align¬ 
ment  was  performed  before  observing  the  fuel  cell  by  using  a 
micro-chart  (JIMA  RT  RC-02),  with  which  a  line  pitch  of  1.5  pm 
could  be  discriminated  at  the  cell  position.  The  cell  was  carefully 
fixed  on  a  computer  controlled  four-axis  stage  that  was  able  to 
move  in  the  X,  Y,  and  Z  directions  with  a  resolution  of  1  pm  and 
rotate  around  the  Z  axis.  The  stage  allowed  accurate  alignment  of 
the  cell  with  the  X-ray  beam.  The  surface  of  the  cell  was  adjusted 
to  be  perpendicular  to  the  X-ray  beam.  The  center  of  the  anode 
gas  diffusion  layer  (GDL)  was  aligned  with  the  center  of  the 
image  reception  area  of  through-plane  cell,  which  was  along 
the  beam  axis.  The  images  were  captured  by  an  imaging 
system  comprised  of  1024  x  1024  pixel  electron  multiplication 
charge-couple  device  (EM-CCD)  camera  with  16-bit  depth 
(Hamamatsu  photonics  K.  K.)  and  processing  computer.  All  the 
images  were  taken  at  1  frame  per  second  (fps),  and  an  image 
with  2  s  of  integration  time  was  used  to  calculate  the  gas  dis¬ 
tribution.  HC-Image  (Hamamatsu  photonics  K.  K.)  and  Image-J 
(National  institute  of  health)  software  were  used  for  image 
processing. 

3.  Results  and  discussion 

3.1.  In-situ  visualization  using  the  in-plane  cell 


Fig.  1.  Schematic  view  of  visualization  cell  structure,  (a)  in-plane  cell,  (b)  through-  order  to  investigate  the  current  distribution  in  anode  elec- 

plane  cell.  trode  of  DHFC,  the  in-plane  visualization  cell  (MEA  vertical  to  the  X- 
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Fig.  2.  Current  density  and  cell  voltage  as  a  function  of  time  using  in-plane  cell. 


time.  In  this  experiment,  the  temporal  resolution  of  visualization  is 
2.0  frame  per  second  (fps).  All  electrode  area  of  4  cm2  was  visual¬ 
ized  using  this  test  cell  as  shown  in  Fig.  3.  Under  the  open  circuit 
voltage  (OCV)  conditions,  the  cell  contains  a  small  amount  of  gas  in 
the  channel  due  to  the  gas  which  is  either  trapped  in  the  anode 
catalyst  layer  including  GDL  before  fuel  is  supplied  into  the  cell  or  is 
generated  by  chemical  decomposition  of  hydrazine  as  shown  in  the 
following  equations  (4)  and  (5). 

N2H4— >N2  +  2H2  (4) 

3N2H4  — ►  N2  +  4NH3  (5) 

The  volume  of  generated  N2  due  to  hydrazine  electrooxidation  is 
calculated  by  equation  (1)  and  Faraday’s  laws  of  electrolysis  as 
shown  in  the  following  equation  (6), 


ray  beam  direction)  with  an  active  area  of  4  cm2  (2x2  cm2)  was 
used  to  visualize  the  generated  gas  distribution  under  the  rib  and  in 
the  channel  area  within  an  operating  DFIFC.  Fig.  2  shows  the  cur¬ 
rent  density  and  cell  voltage  as  a  function  of  time  using  in-plane 
cell.  During  the  in-plane  visualization  test,  the  current  density  of 
the  cell  was  raised  7.5  mA  cm-2  stepwise  every  120  s  by  means  of 
programmatic  control.  The  cell  performance  readily  becomes  stable 
after  the  load  is  changed  as  shown  in  Fig.  2.  Fig.  3  shows  the  low 
magnification  images  of  the  in-plane  visualization  as  a  function  of 


Vn2  =  ^VSTP  (6) 

where  VN2  is  the  volume  of  generated  N2, 1  is  the  current,  t  is  the 
total  time  the  constant  current  was  applied  (t  =  2  s),  z  is  the 
valence  number  of  ions  of  the  substance  (z  =  4),  F  is  the  Faraday 
constant  (F  =  96485  C  mol-1),  and  Vstp  is  the  gas  volume  of 
1  mol  at  standard  condition  (VStp  =  22.4  L).  From  the  above 
equation  (6),  VN2  at  7.5  mA  cm-2  and  37.5  mA  cm-2  were 
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Fig.  3.  Low  magnification  images  of  the  in-plane  visualization  as  a  function  of  time,  (a)  Dry  image,  (b)  image  at  -59  s  (OCV),  (c)  image  at  100  s  (7.5  mA  cm  2),  (d)  image  at  600  s 
(37.5  mA  cm-2).  The  captured  time  is  the  time  shown  in  Fig.  2. 
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calculated  0.0035  ml  and  0.0174  ml,  respectively.  N2  gas  accu¬ 
mulation  in  the  channel  was  observed  with  increase  in  current 
density  as  shown  in  Fig.  3(b)  and  (c),  which  was  caused  by 
electrochemical  oxidation  of  hydrazine  as  shown  in  equation  (1). 
In  addition  N2  evolution  was  observed  in  large  area  of  anode 
inlet  as  shown  in  Fig.  3,  meanwhile  N2  evolution  was  not  iden¬ 
tified  in  the  area  of  anode  outlet,  suggesting  the  inhomogeneous 
current  distribution  on  the  anode  of  DFIFC.  From  these  low 
magnification  visualization,  it  was  confirmed  that  N2  gas  was 
mainly  trapped  in  the  channel,  but  was  flushed  away  intermit¬ 
tently  due  to  continuous  liquid  fuel  supply. 

The  current  density  and  cell  voltage  as  a  function  of  time  for  in- 
situ  radiography  of  high  magnification  images  using  in-plane  cell  is 
shown  in  Fig.  4.  Fig.  5  shows  the  high  magnification  images  under 
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Fig.  4.  Current  density  and  cell  voltage  as  a  function  of  time,  (a)  I—V  characteristic 
for  in-situ  radiography  under  the  rib  in  the  inlet  area,  (b)  center  area,  (c)  outlet 
area. 


the  rib  of  three  different  areas  as  function  of  time.  Area  of  visuali¬ 
zation  was  approximately  lxl  mm2  in  each  image.  To  clarify  the 
behavior  of  generated  gas  under  the  rib,  an  image  processing  to 
extract  N2  gas  which  caused  less  soft  X-ray  attenuation  than  liquid 
fuel  was  carried  out  as  shown  in  Fig.  5.  The  gas  distribution  was 
determined  by  image  division  according  to  Beer-Lambert  law,  i.e., 
by  dividing  the  pixel  values  of  the  image  during  operation  with  the 
corresponding  pixel  values  of  the  image  before  operation.  With 
increase  in  current  density,  N2  gas  generation  was  clearly  observed 
under  the  ribs  in  the  inlet  and  the  center  as  shown  in  Fig.  5(b)  and 
(c).  On  the  other  hand,  N2  gas  evolution  was  not  identified  in  the 
outlet  as  shown  in  Fig.  5(d),  suggesting  the  inhomogeneous  current 
distribution  on  the  anode  of  DFIFC.  The  result  of  visualization  for  N2 
behavior  under  the  rib  at  high  magnification  well  agreed  with  the 
result  of  visualization  at  low  magnification.  The  inhomogeneous 
current  distribution  on  anode  of  DHFC  was  caused  by  N2  gas 
accumulation  in  the  channel  or  catalyst  layer.  Therefore  the  quan¬ 
titative  additional  research  to  explain  the  relationship  between 
inhomogeneous  current  distribution  and  N2  accumulation  is 
required  in  future  research. 


3.2.  In-situ  visualization  using  the  through-plane  cell 

The  through-plane  visualization  cell  with  an  active  area  of 
0.1  cm2  (0.5  x  0.2  cm2)  was  performed  to  investigate  the  effect  of 
N2  evolution  on  cell  performance  of  DHFC.  Fig.  6  shows  the 
current  density  and  cell  voltage  as  a  function  of  time  using 
through-plane  cell.  During  the  through-plane  visualization  test, 
the  current  density  of  the  cell  was  raised  2  mA  cm-2  stepwise 
every  120  s  by  means  of  programmatic  control.  Fig.  7  shows  the 
low  magnification  images  which  are  divided  by  image  of  OCV 
condition  to  clarify  the  behavior  of  N2  evolution.  The  cell  per¬ 
formance  of  through-plane  cell  was  lower  and  less  stable  than 
that  of  in-plane  cell  as  shown  in  Fig.  6.  In  particular,  the  insta¬ 
bility  of  cell  performance  was  confirmed  in  the  region  of  high 
current  density.  The  cell  performance  decreased  when  N2  accu¬ 
mulates  in  throughout  channel,  and  then  cell  performance  was 
improved  by  the  discharge  of  N2  from  the  channel.  The  instability 
of  cell  performance  using  through-plane  cell  is  considered  that 
the  generated  N2  by  hydrazine  oxidation  disturbs  fuel  supply  to 
anode  catalyst  layer  due  to  a  low  discharging  efficiency  of 
through-plane  cell.  The  current  density  and  cell  voltage  as  a 
function  of  time  for  in-situ  radiography  of  high  magnification 
images  using  through-plane  cell  is  shown  in  Fig.  8.  Fig.  9  shows 
the  visualization  images  focused  under  the  rib  of  anode  side 
using  in-situ  radiography.  After  fuel  cell  startup,  N2  gas  evolution 
under  the  rib  of  anode  side  was  clearly  observed  as  shown  in 
Fig.  9(c).  Then,  some  amount  of  generated  N2  gas  was  exhausted 
to  the  channel  from  the  rib  and  N2  gas  was  accumulated  in  the 
channel  as  observed  in  Fig.  9(d).  At  400  s  in  Fig.  9(f),  N2  gas  under 
the  rib  was  discharged  to  the  channel,  and  then  fuel  distribution 
into  the  GDL  was  observed.  From  these  results,  it  is  clear  that  the 
intermittent  N2  gas  evolution,  accumulation  and  discharge  be¬ 
haviors  affect  the  cell  performances  of  the  DHFC,  and  thus 
further  investigation  can  be  performed  by  the  soft  X-ray  radi¬ 
ography  technique  to  capture  temporal  and  spatial  variation  of 
N2  gas  in  DHFCs. 

The  contrast  of  image  at  cathode  side  GDL  in  Fig.  9  was  supposed 
the  change  of  water  concentration  due  to  oxygen  reduction  reac¬ 
tion  as  shown  in  the  equation  (2).  The  significant  change  of  contrast 
wasn’t  observed  at  OCV  condition,  however  the  contrast  of  image  at 
cathode  side  GDL  was  identified  with  increase  in  current  density  as 
shown  in  Fig.  9.  The  water  concentration  at  cathode  side  is  closely 
related  to  oxygen  reduction  reaction  on  catalyst  surface,  fuel 
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Fig.  5.  High  magnification  images  under  the  rib  of  in-plane  cell  as  a  function  of  time,  (a)  Dry  image  at  low  magnification;  the  yellow  rectangles  indicate  the  positions  at  high 
magnification  observation,  (b)  images  at  inlet,  (c)  images  at  center,  (d)  images  at  outlet.  The  captured  times  of  (b),  (c),  and  (d)  are  the  time  shown  in  Fig.  4(a),  (b),  and  (c), 
respectively.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  6.  Current  density  and  cell  voltage  as  a  function  of  time  using  through-plane  cell. 
The  symbols  (b)  and  (c)  show  the  captured  time  of  images  (b)  and  (c)  in  Fig.  7. 


Fig.  8.  Current  density  and  cell  voltage  as  a  function  of  time  for  in-situ  radiography  of 
high  magnification  images  using  through-plane  cell. 


penetration  from  anode  side,  and  humidification  condition  of  air 
supplied  from  cathode. 

4.  Conclusions 

Soft  X-ray  radiography  was  firstly  applied  to  investigate  N2 
evolution,  accumulation  and  discharge  behaviors  in  operating 


DHFCs.  An  in-plane  cell  with  2x2  cm2  active  area  and  a 
through-plane  cell  with  0.2  x  0.5  cm2  active  area  were  devel¬ 
oped.  In  the  in-plane  visualization,  the  inhomogeneous  N2  gas 
distribution,  suggesting  non-uniform  reaction  distribution  in  the 
anode  of  DHFC,  was  observed.  In  the  through-plane  visualization, 
N2  gas  accumulation  in  the  anode  rib  and  discharge  to  the 
channel  was  clearly  observed,  which  are  related  with  cell  per¬ 
formance  instability. 


a)  Dry  image 


b)  300  s  c)  332  s 


Fig.  7.  Low  magnification  images  of  the  through-plane  visualization  as  a  function  of  time,  (a)  Dry  image,  (b)  image  at  300  s,  (c)  image  at  332  s.  The  capture  time  is  the  time  shown  in 
Fig.  6. 
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Fig.  9.  High  magnification  images  focused  under  the  rib  of  the  anode  side  of  trough-plane  cell  as  a  function  of  time,  (a)  Dry  image  at  low  magnification;  the  yellow  rectangle 
indicates  the  positions  at  high  magnification  observation,  (b-j)  visualization  images  at  each  time.  The  captured  time  is  the  time  shown  in  Fig.  8.  (For  interpretation  of  the  references 
to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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